INTRODUCTION
New and regenerated production (Dugdale & Goering 1967) are 2 important variables characterizing the efficiency of carbon and nitrogen cycling. Through the ƒ ratio (Eppley & Peterson 1979) , both variables combine to give an estimation of the fraction of biological production that can be potentially exported to the deep ocean. New production has long been defined as the fraction of primary production driven by the input of nutrients (mostly nitrate) into the euphotic zone, while regenerated production is fuelled by recycled nitrogen (mainly ammonium and dissolved organics) produced in situ by heterotrophic processes. However, in recent years, an accurate definition as well as a precise estimation of the efficiency of the biological pump has become of crucial importance when defining the role of oceanic areas in the sequestration of atmospheric CO 2 (Takahashi et al. 2002) .
Nitrification (the oxidation of NH 4 + to NO 3 -mediated by bacteria) is an important variable, not only considered responsible for the deep nitrate reservoir but also believed to provide a source of in situ regenerated nitrate at the base of the euphotic zone (where phytoplankton is light-limited to compete for NH 4 + ; see review by Ward 2000) . Nitrification in surface layers may also cause an overestimation of new production through autotrophic uptake of recycled nitrate in the euphotic zone (Ward 1987 , Ward et al. 1989 , Eppley & Renger 1992 , Gentilhomme & Raimbault 1994 ABSTRACT: Nitrate and ammonium assimilation, nitrification and ammonium regeneration were measured during field experiments in the NE Atlantic (39 to 44.5°N, 16 to 21°W; Programme Océan Multidisciplinaire Méso Echelle) in 2001. NH 4 + and NO 2 -concentrations were high during winter and spring, reaching maximum values of 0.3 and 0.6 μM, respectively, in the top 100 m.
15 N tracer experiments allowed the measurement of nitrification throughout the water column, and rates in surface waters varied between 0.02 μM d -1 in winter and 0.077 μM d -1 in spring. At 30 m depth, rates could exceed 0.1 μM d -1 during the spring bloom. For the winter season, nitrification could account for 40% of the assimilated nitrate. During spring, nitrification could support more than 20% of nitrate assimilation. Ammonium regeneration was significant during both seasons, with average rates exceeding 0.5 μM d -1
. Correction for NH 4 + isotopic dilution could increase estimations of regenerated production by 40%. Also, a new evaluation of the ƒ ratio (including nitrification and ammonium isotopic dilution) showed a 10% overestimation of classic estimations of export production. Additionally, active NH 4 + uptake by < 0.7 μm particles (mainly bacteria) was observed during late spring, suggesting that a significant fraction of small particles was not retained by GF/F filters during the spring bloom, which could lead to underestimations of NH 4 + uptake.
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Resale or republication not permitted without written consent of the publisher OPEN PEN ACCESS CCESS Karl 1996 , Raimbault et al. 1999 , Diaz & Raimbault 2000 , but this has not been precisely quantified. Studies on N regeneration and release of dissolved organic nitrogen (DON) inspired several revisions of the concepts of new and regenerated production (e.g. Bronk et al. 1994 ). However, failure in estimating dissolved inorganic nitrogen (DIN) taken up by phytoplankton and released as DON represents another and yet unresolved source of error in DIN gross uptake rates (Bronk et al. 1994 , Slawyk & Raimbault 1995 . Also, ammonium isotope dilution (recycling of unlabeled substrate during 15 N incubation experiments) can result in underestimations of uptake rates (Glibert et al. 1982 , Harrison et al. 1983 . Nevertheless, the impact of these processes in new production models suffers from a general lack of data, probably related to schedule constraints and the labour intensive nature of the methods involved.
The French Programme Océan Multidisciplinaire Méso Echelle (POMME; Mémery et al. 2005 ) was conceived as a contribution to the understanding of the effect of mode water subduction on the production and fate of organic matter. The sampling strategy was designed to obtain high frequency coverage in core parameters in a vast domain set at 38 to 45°N, 16 to 22°W (Fig. 1) . Two consecutive cruises (winter and spring) in 2001 provided a unique chance to measure nitrogen cycling with high spatial resolution and to provide an accurate estimation of the proportion of nitrate resulting from nitrification that is assimilated within the euphotic zone in the eastern North Atlantic.
MATERIALS AND METHODS
Sampling and study area. Two consecutive cruises were carried out during winter and spring 2001 (RV 'L'Atalante'): POMME 1 (3 February to 20 March; Fig. 1 ) and POMME 2 (24 March to 16 May; Fig. 1 ). Core and biological parameters were acquired along 7 north-south transects (30 nautical mile path; see Mémery et al. 2005) . The first leg of POMME 1 (P1L1) aimed to describe pre-bloom conditions and maximum mixed layer depth. From a total of 79 stations, 26 'production' stations were visited during the night (Fig. 1) . At each production station, samples from 8 depths (5, 20, 30, 40, 50, 60, 80 and 100 m) were collected using a rosette equipped with 21 Niskin bottles (11 l). Incubations lasted for 12 h (dawn to dusk) using deck incubators (light levels ranging from 50 to 1% of light). The first leg of POMME 2 (P2L1) followed an identical sampling strategy. From a total of 81 hydrological stations, 18 'production' stations were completed (Fig. 1) .
During the second leg of both cruises (P1L2 and P2L2), several fixed stations were occupied for 72 h during which time 15 N uptake and regeneration experiments were performed (Fig. 1) . The choice of stations was determined by the hydrological features encountered (see Mémery et al. 2005) . Incubations (using an in situ mooring line) lasted for 24 h. Comparisons between 'on deck' and in situ incubation methods showed good linearity (Fernández I. et al. 2005a) .
Mixed and euphotic layer depths. The euphotic layer depth (Z eu ) was calculated using the model devel- Morel & Maritorena (2001) , according to which total chl a (Tchl a) content in the water column is obtained by integrating chl a over depth. The mixed layer depth (Z m ) is defined here as the depth level at which a change in potential density (σ higher than 0.001 kg m -3 is observed in 2 consecutive determinations spaced by 5 m within a CTD cast (Fernández I. et al. 2005a,b) .
Nutrients. Nutrient samples (NO 3 -, NO 2 -, PO 4 -) were collected at every station and at each depth level in 20 ml polyethylene flasks. Samples for NH 4 + determination were collected between the surface and 200 m (250 ml Nalgene flasks) at approximately 50% of the stations. All samples were immediately analyzed (Tréguer & Lecorre 1975) ) were more variable due to low initial NH 4 + concentrations (< 50 nM). In such cases, minimal additions of 15 N (87 nmol l -1 of 15 NH 4 ) resulted in substrate enrichments that exceeded 50%, leading to potential productivity measures rather than real uptake (Allen et al. 1996 , Raimbault et al. 1999 , Fernández I. et al. 2005a . NO 3 -and NH 4 + concentrations were usually verified after tracer addition (t 0 values). Incubations were terminated by filtration onto 25 mm pre-combusted GF/F filters (<100 mm Hg). Final concentrations of nitrate and ammonium were measured directly from the PC flask. Subsequent to filtration, filters were dried at 60°C and stored at 40°C. Mass spectrometry analysis (Europa scientific tracer mass) determined the final 15 N enrichment in the particulate organic nitrogen (PON) pool. The transport rate of 15 N-labelled DIN from the DIN pool to the PON pool, i.e. the net DIN uptake (ρDIN, ) was computed according to Dugdale & Wilkerson (1986) ( 1) where R PON and R DIN represent the 15 N atom percent excess enrichment in the PON and DIN pools, and [PON] represents the final PON concentration; t (in all equations) represents the duration (h) of the incubation.
After filtration, 300 ml filtrates were recovered in Duran Schott flasks. For samples obtained during the second leg of POMME 2, subsamples (100 ml) were refiltered through teflon 0.2 μm membranes (GELMAN and Anodisc Whatman). Filtrates were poisoned with 1 ml (300 μl for 100 ml subsamples) of HgCl 2 (6 g l -1
) in order to prevent bacterial activity during conservation. This procedure does not affect the extraction efficiency and prevents losses of NH 4 + by freezing the sample (Slawyk & Raimbault 1995) . Filtrates of 15 NH 4 + incubations were used to measure the final 15 N enrichment in the DIN pool, as outlined by Slawyk & Raimbault (1995) . In this procedure, all forms of DIN are removed from the sample as (NH 4 ) 2 SO 4 , by successive diffusion and reduction processes. The first diffusion step allows quantification of the final 15 N enrichment of the DIN pool (DIN 15 N), and estimation of the isotope dilution of the tracer due to NH 4 + regeneration (see Eq. 2). During the second diffusion, oxidation of ammonium to nitrate (nitrification) is estimated through the 15 N enrichment of the nitrate pool in the ammonium filtrates (Raimbault et al. 1999 , Fernandez I. et al. 2005a ) were computed according to Raimbault et al. (1999) Urea concentrations in sea water were not measured, and therefore no urea uptake experiment was performed.
Corrections to N fluxes. Underestimations of ammonium uptake rates (due to isotopic dilution) were corrected by replacing R DIN in Eq. (1) 
initial and final R NH4 . However, for nitrate uptake rates, high ambient concentrations prevented the detection of a significant signal of isotopic dilution and no correction could be made. Nitrification can induce overestimations of new production by adding some NO 3 -to the nitrate pool that derives from what is actually regenerated production (Dugdale & Goering 1967 , Priscu & Downes 1985 , Ward et al. 1989 , Dore & Karl 1996 . Consequently, a correction for nitrate-based new production using direct nitrate regeneration measurements was applied (Eq. 5), as previously described by Fernández I. et al. (2005a) . The fraction of nitrate that was produced by nitrification was subtracted from total nitrate uptake in order to assess the uptake of 'new' nitrate, as classically defined by Dugdale & Goering (1967) ( 5) It is worth summarising the concepts used in this study. We define nitrification (rNO 3 ) as the oxidation of NH 4 + to NO 3 -. Total nitrate assimilation (ρNO 3 ) is assumed to include all sources of nitrate, regenerated as well as new. Corrected nitrate uptake (ρ new NO 3 ) is the uptake of 'truly new' nitrate, which is obtained by separating the terms ρNO 3 and rNO 3 (Eq. 5). It represents new production as defined by Dugdale & Goering (1967) . Ammonium regeneration (rNH 4 ) is used to correct underestimations of ammonium uptake (ρNH 4 ) and to obtain 'true' ammonium uptake (ρ reg NH 4 ), which corresponds to regenerated production as defined by Dugdale & Goering (1967) . The definition of the ƒ ratio given by Eppley & Peterson (1979) does not take into account the effect of N regeneration in the term (ρNO 3 + ρNH 4 ), which represents total nitrogen uptake (Eq. 6). In this study, ƒ ratio estimations include corrections to nitrate and ammonium uptake rates (Eq. 7).
(6) (7)
RESULTS

Hydrological background of the study area
A full description of the hydrological conditions encountered during POMME can be found in Mémery et al. (2005) and Fernández I. et al. (2005b) . The general sea surface temperature (SST) distribution showed values ranging between 13.8°C in winter (P1L1) and 14.6°C in spring (P2L1). Z m during winter ranged between 143.6 ± 57 m in the north and 124.1 ± 45 m in the south. During spring, a general decrease in Z m was observed; however, average values reached 96.3 ± 40 m in the southern area. During winter (P1L1), Z eu varied between 70.1 ± 9.4 m in the north and 66.9 ± 3.7 m in the south. During spring (P2L1), values of Z eu decreased to 55.8 ± 2.5 m in the north and 49.4 ± 3.6 m in the south.
Biogeochemical background
Average nitrate concentrations during winter (P1L1 and P1L2, Fig. 2 ) ranged between 4.3 ± 1.65 μM (5 m depth) and 7.6 ± 1.52 μM (200 m). During spring (P2L1, Fig. 2 ) surface values were 1 μM below winter concentrations (3.3 ± 1.83 μM). In deeper layers, no significant evolution was observed compared with winter ( Nitrification rates and corrected nitrate assimilation Nitrification (rNO 3 ) during our study was as high in surface layers as in deeper waters, and occurred in well-lit waters as well as at the base of the euphotic zone (Fig. 3) . Winter rates (P1L1) ) and increased slightly with depth to 0.015 ± 0.008 μM d -1 (Fig. 3) . Two exceptionally high rates were obtained in the top 20 m: one at Stn 2 in the southern area (0.077 μM d , Table 1 ). During P2L2 (Fig. 3) , Table 1 ). The lowest integrated rate was found at Stn 410 (0.14 mmol m -2 d -1
, Table 1 ). After correcting ρNO 3 for nitrification, the influence of nitrification on nitrate uptake seems to be clear. Winter (P1L1) values of ρ new NO 3 (Fig. 3) were 30% lower than ρNO 3 , reaching 0.031 ± 0.03 μM d -1 in sur- . During P1L2, ρ new NO 3 was as much as 20% lower than ρNO 3 , except at Stn 173 where ρ new NO 3 was close to 0, suggesting that nearly 100% of the assimilated nitrate came from nitrification. Gathering all data, the integration of winter profiles (P1L1) revealed a 38% contribution of regenerated nitrate to total nitrate uptake. For P1L2 stations, correcting nitrate uptake rates for nitrification induced significant variations in ρ new NO 3 compared with ρNO 3 (5.5 to 93%, Table 1 ). During spring (Fig. 3) ), and decreased with depth to 0.007 ± 0.005 μM d -1 (Fig. 4) (Table 1) . During P1L2 (Fig. 4) . During P2L2, rNH 4 was lower (Fig. 4) . Integrated values were obtained from average profiles for the first leg of POMME 1 and POMME 2, and from discrete profiles for stations of the second leg (P1L2 and P2L2). Total ρNH 4 represents an estimation of ammonium assimilation by autotrophic and heterotrophic processes, including DON excretion in the top 50 m of the water column (Fig. 4) . During winter (P1L1), corrected ammonium uptake (ρ reg NH 4 ) was 27% higher than originally estimated (ρNH 4 , Fig. 4 , largely exceeding uncorrected ρNH 4 values from the same period (Table 1) . During spring (P2L1, Fig. 4 ), ρ reg NH 4 was 30% higher than ρNH 4 in surface waters (maximum ρ reg NH 4 ≈ 0.175 μM d Table 1 ).
Observations of high ammonium uptake in the <GF/F fraction The term 'total ρNH 4 ' represents an estimation of ammonium assimilation by autotrophic and heterotrophic processes, and includes DON excretion (Table 1) (Table 1) . However, during late spring (P2L2), differences exceeded 50% (Table 2 ). In such cases an excess of tracer loss was observed during 15 NH 4 + incubations, which was linked to small size particles (< 0.7 μm) enriched in 15 N. Such particles can be included in the DON + PON <GF/F fraction, defined as DON' by Slawyk & Raimbault (1995) . For those authors, the fluxes associated with this pool represented a loss of tracer from the DIN compartment to the bacterial compartment, in the form of organic nitrogen. Fig. 5 ) were 8 times higher (Fig. 5) . Moreover, ρ loss DIN obtained during P2L2 exceeded former estimations found in the literature by at least 50% (Table 2) . In such cases, comparisons were made between ρ loss DIN values obtained from the < 0.7 and < 0.2 μm size fractions after single (GF/F) and double filtration (GF/F and 0.2 μm filters; see 'Materials and methods'). Organic nitrogen that passed through GF/F filters and was retained by the 0.2 μm membrane could reach 80% (Fig. 6) -1 at 30 m), which accounted for 25% of the maximum value obtained after GF/F filtration (Fig. 6 ) and represented 25% of total ammonium uptake. Subsurface peaks were also observed in deeper layers (Stns 91 and 410). Therefore, the use of GF/F filters failed to retain a significant fraction of small particles (labelled with 15 NH 4 + ) during the spring bloom. The vertical distribution of tracer losses as 'DON + particles <GF/F' indicates a significant contribution of bacteria from the < 0.7 μm size fraction, as previously suggested by Altabet (1990) . Results from < 0.2 μm filtrates showed that less than 10% of 15 N was lost as during P2L2 (as previously stated by Slawyk et al. 2000) and that tracer accumulated in the <GF/F fraction due to 15 N assimilation by small particles. Ammonium uptake rates during late spring 2001 could therefore be underestimated.
Regeneration of N and ƒ ratio calculations
Fluxes of nitrification and ammonium regeneration caused a decrease in estimations of 'new nitrate' assimilation (new production) and an increase in ammonium uptake (regenerated production). An immediate step is to evaluate the effect of rNO 3 and rNH 4 on the ƒ ratio (Fig. 7) . Comparison between classical (ƒ) and corrected values (ƒ') showed a linear relationship (ƒ' = 0.9193ƒ -0.0865, R 2 = 0.5738), with values of ƒ roughly 10% higher than ƒ' (however, discrepancies can exceed 40%). There are several points for which ƒ' values dropped to 0 (33% of all observations), which corresponded to stations with high nitrification rates. In those cases, rNO 3 could support 100% of nitrate uptake, and new production (in the sense of Dugdale & Goering 1967) dropped to 0, as did ƒ'.
DISCUSSION
General observations
This study represents a rigorous approach that systematically takes into account nitrification and ammonium regeneration in calculations of DIN uptake rates (NO 3 -and NH 4 + ). Additionally, it provides an objective methodological approach to the difficulty of estimating DON excretion by conventional 15 N techniques. The re-evaluation of new and regenerated nitrogen uptake as well as the ƒ ratio indicate that regenerative nitrogen fluxes are more important in the NE Atlantic Ocean than previously thought, and can support 10 to 100% of nitrate demand and up to 30% of ammonium uptake.
One of the most striking characteristics of the POMME study area was the persistence of favourable regeneration conditions during the year. Hydrological Fernández I. et al. 2005b ). In such conditions, light limitation of phytoplankton does not seem to affect new production; furthermore, it does not appear to have a clear effect on nitrification. During winter, the persistence of a nitrite maximum at the base of the euphotic zone seems highly modulated by physics, as opposed to spring (up to 0.6 μM) when it became a clear feature in our profiles (Fig. 2) . However, the lack of a NO 2 -maximum during winter should not be associated with the absence of processes such as ammonium oxidation (NO 2 -is an intermediate product of nitrification). This biogeochemical feature, widely distributed in the ocean (Vaccaro & Ryther 1960 , Olson 1981 , Dore & Karl 1996 , has often been considered an indicator of new production through phytoplankton excretion, or bacterial oxidation of organic matter, as well as a signature of the depth at which light-limitation occurs (Dore & Karl 1996 , Ward et al. 1989 . Although our values are lower than previously described for stratified and oceanic areas (Hisard & Piton 1969 , Hattori & Wada 1971 , they are higher than previous reports for the Atlantic (Zafiriou et al. 1992 , Lipschultz et al. 1996 . The maintenance of a nitrite maximum during our study confirms the existence of intense regeneration activity, even during the most productive season of the year (spring primary production: 1.24 g m -2 d -1 Fernández I. et al. 2005a) .
,
While ammonium concentrations in the upper water column are controlled by numerous fluxes of production and consumption, they can also be considered as an indicator of organic matter mineralization (Bianchi et al. 1997) . Ammonium levels during this study were high (up to 0.2 μM during winter and 0.46 μM during spring), but stayed in the range of previous studies in the NE Atlantic (e.g. Woodward & Rees 2001) , suggesting intense NH 4 + recycling in the euphotic zone.
Previous studies (Woodward & Rees 2001 , Martin & Pondaven 2003 have focussed on the role of mesoscale activity (mainly through 'eddy pumping') in the transport of nutrients -both regenerated and new -to the euphotic zone. However, their effect as 'new production enhancers' is still under debate. Mesoscale features are well documented for the POMME study area (see Mémery et al. 2005) , especially for second legs of all cruises. Nevertheless, in spite of being clearly associated with high nutrient concentrations compared with surrounding waters (Fernández I. et al. 2005b) , and although they showed high N-regeneration rates, their role in enhancing C or N cycling is not clear. Further studies are required to clarify this aspect.
Nitrification and new primary production
Although the potential significance of 'regenerated' nitrate in the euphotic zone has been acknowledged for some time (Dugdale & Goering 1967 , Ward et al. 1989 , Dore & Karl 1996 , Bianchi et al. 1997 , Diaz & Raimbault 2000 , Ward 2000 , there is still little information regarding the inhibitory effect of light on nitrification in marine environments (Ward 1985 , Horrigan & Springer 1990 , and even less concerning its quantification on an annual or seasonal basis. While nitrification studies have been performed in a variety of marine environments (Ward et al. 1984 , Codispoti & Christensen 1985 , Ward & Zafiriou 1988 , observations in the open ocean are rare. Whether because of the difficulty of measuring in situ rates or its presumed small contribution to total NO 3 -assimilation, nitrification measurements in the field are far from being routinely measured in oceanographic cruises.
Nitrification rates presented here are in the range of previous observations (e.g. Ward & Zafiriou 1988 , Bianchi et al. 1994 , Ward 2005 , but proved to be significant even during the spring bloom, which was followed by local phytoplankton blooms until May 2001 (Leblanc et al. 2005) . Nitrification was intense in the entire water column and was largely able to sustain plankton DIN demand. Furthermore, total ambient ammonium recycling within 24 h was possible during both seasons. Nitrification in surface waters was as high as in deeper layers, suggesting limitation of photoautotrophic predominance in surface waters by competition between phytoplankton and bacteria (often induced by pelagic nitrification). The presence of a subsurface nitrification maximum at the base of the euphotic zone during spring can be related (among other factors) to increased stratification, active remineralization of sinking organic matter and grazing. Seasonally, about 40% of nitrate uptake in the top 80 m was supported by nitrification during winter, and 20% during spring. Locally, nitrification could support 4 to 100% of local surface nitrate assimilation (e.g. Stn 173). Previous studies (Priscu & Downes 1985 , Ward 1987 , Ward et al. 1989 , Dore & Karl 1996 , Raimbault et al. 1999 came to similar conclusions. In the equatorial Pacific, 20 to 100% of total nitrate demand could be fulfilled by nitrification in the euphotic zone, and even 142% at the Hawaii Ocean Time-Series station ALOHA (Dore & Karl 1996) . Our results confirm these observations and suggest a widely significant role of nitrification in the upper layers of oceanic areas. A logical conclusion is the possibility of considerable overestimations in current new production estimates that do not take N regeneration into account. For the NE Atlantic, such overestimations of new production (in the sense of Dugdale & Goering 1967) could reach 10% on an annual basis and up to 100% at daily rates.
Interestingly, recent experiments observed active NO 3 -uptake by heterotrophic bacteria, reaching 16 to 40% of NO 3 -assimilation (Allen et al. 2002) . Implications for areas of intense NO 3 -cycling could include further overestimations of autotrophic uptake and new primary production, because bacteria can become not only producers but consumers of regenerated (and new) nitrate.
NH 4 + cycling: contribution of small cells
There are seldom measurements of ammonium regeneration in oceanic waters in the literature, but our results are in the range of the scarce available data (e.g. Bode et al. 2002) . Rates of rNH 4 were high in surface waters during winter (0.172 μM d ). Being a preferred source of nitrogen for marine phytoplankton and bacteria, ammonium is also a substrate of competition for autotrophic and heterotrophic organisms of small size. The effect of rNH 4 on ammonium uptake rates (and subsequently for regenerated production) was high during winter and spring (~40%) and was particularly important in the top 50 m of the water column. Similar results were described for the open Atlantic Ocean, where 12 to 40% of total NH 4 + uptake was related to bacteria (Allen et al. 2002) . Other N forms such as urea are actively assimilated and can have a significant effect on regenerated production (Allen et al. 2002) . Although urea was reported as a source of N for phytoplankton and only few reports of heterotrophic uptake of urea exist (Kirchman 2000), a more accurate quantification of N cycling should include these fluxes, despite the difficulties of the methods involved.
It is worth making a brief comment concerning NH 4 + cycling during P2L2. Early in spring (P2L1), rNH 4 and ρ loss DIN seemed to be directly related (rNH 4 = 0.8295 DON loss + 31.85, R 2 = 0.65; data not shown), which suggests active grazing pressure for both processes because DON is a suitable substrate for bacteria and can also be excreted by zooplankton and unicellular plankton. However, the high rates of ρ loss DIN obtained later in the season (P2L2) were probably due to high NH 4 + uptake in the < 0.7 μm size fraction and possibly to heterotrophic assimilation of recently released DON labelled as 15 N. Filtration through 0.2 μm ensured real ρ loss DIN estimations, revealing a much lower proportion of DIN going to the dissolved organic compartment (<14%). NH 4 + uptake in the < 0.7 μm fraction (which includes bacteria, Glibert 1994, Synechoccocus sp. and prochlorophytes, Altabet 1990) contributed to 30% of ammonium uptake. The origin of this problem lies in a methodological constraint. The efficiency of glass fiber filters (mainly Whatman GF/F) has been repeatedly verified in marine environments (e.g. Altabet 1990 , Raimbault et al. 1999 , Diaz & Raimbault 2000 , Saldanha-Corrêa et al. 2004 . Comparisons of different types of filters, including 0.2 μm Anopore aluminium oxide membranes (Altabet 1990 , Slawyk & Raimbault 1995 , indicated that a significant fraction of the particulate nitrogen collected by 0.2 μm Anopore membranes could pass through GF/F filters, and the relative importance of the fraction that was neglected increased with depth. However, since nitrate and ammonium assimilation occurs mainly in surface waters, it was suggested that integrated uptake rates would not be significantly underestimated in the > 0.7 μm fraction. During late spring, the use of GF/F filters led to underestimations of ammonium uptake and a failure to estimate the released DON. We suggest that, for some particular cases in open ocean environments, the role of particles smaller than 0.7 μm in ammonium assimilation can exceed the performance of larger phytoplanktonic cells. In such conditions, the use of Anopore aluminium oxide 0.2 μm membranes should not be avoided, but the problem persists due to their low filtration speed, high cost and potential incompatibility with mass spectrometry analysis. In spite of the existence of 2 alternative glass fiber filters (AP-40 Millipore and GF-5 Macherey Nagel) with approximate nominal porosities (0.45 and 0.4 μm respectively), their retention performance is compromised in oligotrophic conditions (Saldanha-Corrêa et al. 2004) . New technology is needed to ensure routine filtration and analysis of the smallest fraction of marine ultraplankton.
In terms of export production, the underestimation of total ammonium uptake rates by filtration through GF/F filters should not have consequences for ƒ (Eppley & Peterson 1979) . This is because ammonium uptake in the <GF/F size fraction is performed almost entirely by bacteria and it cannot be included in the estimation of regenerated production, which is associated with autotrophic fixation of carbon. The ƒ ratio only provides an indirect estimation of particulate organic matter export to the deep ocean if suitable time scales are considered. This concept assumes a balance between the input of nitrate by advection and the losses from the surface to the deep. However, our observations showed rates of regeneration of nitrogenous nutrients (NH 4 + regeneration and nitrification) in the euphotic zone that could supply up to 100% of local nutrient assimilation. This raises the question of the validity of estimating ƒ through 15 N tracer methods, because in situ nitrogen recycling seems to be widely important. In order to improve calculations of the ƒ ratio in nitrogen and carbon budgets at a global and regional scale, nitrogen regeneration fluxes need to be properly and systematically quantified.
